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ABSTRACT: We propose a top and bottom seesaw model with partial composite top and 
bottom quarks. Such composite quarks and topcolor gauge bosons are bound states from 
supersymmetric strong dynamics by Seiberg duality. Supersymmetry breaking also induces 
the breaking of topcolor into the QCD gauge coupling. The low energy description of our 
model reduces to a complete non-minimal extension of the top seesaw model with bottom 
seesaw. The non-minimal nature is crucial for Higgs mixings and the appearance of light 
Higgs fields. The Higgs fields are bound states of partial composite particles with the 
lightest one compatible with a 125 GeV Higgs field which was discovered at the LHC. 
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1 Introduction 


The Standard Model (SM) of electroweak interactions, based on the spontaneously SU (2) z x 
U(1)y gauge symmetry breaking, has been extremely successful in describing phenomena 
below the electroweak scale. The most important problem in the SM is the source of the 
electroweak gauge symmetry breaking and the related problem of hierarchical flavor struc- 
ture. It is well known that the top quark is very heavy comparing to the other SM fermions 
and its value is obtained in an ad hoc manner by adjusting the phenomenologically in- 
troduced Yukawa couplings. Besides, the top quark couples more strongly to electroweak 
symmetry breaking sector than the light quarks and it is possible that some of the elec- 
troweak symmetry breaking is due to top sector. The idea of top condensation |1] is an 
attractive approach to explain these problems. 

However, the minimal top condensation framework predicts a too high top quark mass 
m as well as a high Higgs mass, and then the extreme fine-tuning is needed to trigger 
the condensation. Also, the Nambu-Jona-Lasinio (NJL) model must be considered as an 
approximation of some new strong dynamics-the topcolor gauge interactions. One can 
combine topcolor with technicolor to get a TC2 model [2] in which the electroweak symmetry 
breaking gets contributions from both the top condensation and the technicolor sectors. 
The other very interesting scenario is the top seesaw model [3] which naturally predicts the 
acceptable top quark mass without the need of new electroweak symmetry breaking sector. 
'The UV completion of topcolor needs more matter contents and certain interactions which 
are put in by hand. We would like to present a model which will give rise to these terms 
automatically. 

It is well known that the SM requires the existence of Higgs fields to trigger electroweak 
gauge symmetry breaking. However, the quantum corrections to Higgs boson masses have 
quadratic divergences. Thus, the entire SM mass spectrum, which depends on the Vacuum 
Expectation Value (VEV) of Higgs field, is directly and indirectly sensitive to the cut-off 
scale of the theory like the Planck scale. This is the gauge hiearchy problem. One natural 
solution is supersymmetry (SUSY) by adding supersymmetric partners of the SM particles 
to cancel the quadratic divergences. However, the ATLAS and CMS Collaborations at 
the LHC have not found any signal of supersymmetric particles (sparticles) yet. Moreover, 
SUSY can provide a viable dark matter candidate, achieve the gauge coupling unification as 
well as be an essential ingredient to certain quantum gravity candidate. Thus, it is possible 
that our Universe could adopt supersymmetry at relatively high scale. 

It had been conjectured long time ago that all the building blocks of the SM are com- 
posite particles instead of being fundamental particles. T'he existence of chiral symmetry is 
essential to guarantee the disappearance of the known fermion masses. However, 't Hooft 
anomaly matching conditions |4] are very restrictive and hardly can one obtain the realistic 
composite models. A very interesting progress was achieved by Seiberg who discovered the 
duality [5] between different SUSY gauge theories. Seiberg duality is highly non-trivial and 
satisfies the 't Hooft anomaly matching conditions and decoupling conditions as well as 
the other consistent checks. Besides, new emergent gauge groups and composite fermions 
appear in certain case of the dual description. We conjecture that the SM particles are com- 


posite and such compositeness are the consequences of SUSY strong dynamics and SUSY 
breaking. The observed small mass terms of the SM fermions are the consequences of the 
strong dynamics arise from the emergent gauge interactions. Especially, the Higgs boson 
mass around 125 GeV, which was discovered at the LHC recently |6, 7], can be realized as 
well. 

This paper is organized as follows. In Section 2, we discuss the emergent topcolor 
gauge group and matter contents from SUSY strong dynamics. SUSY is broken by rank 
conditions in our scenario, which results in the ISS-type metastable vacua [8]. In Section 3, 
we discuss the complete top and bottom seesaw sector. The composite matter content from 
Seiberg duality results in partial composite physical top and bottom quarks. Composite 
multiple Higgs doublets appear in our model at low energy and are fully responsible for 
electroweak gauge symmetry breaking. Section 4 contains our Conclusions. 


2 Composite Particles from SUSY Strong Dynamics 


Top quark, which couples more strongly to the electroweak symmetry breaking sector than 
other light quarks, could be responsible for electroweak symmetry breaking. The idea of top 
condensation is fairly attractive and gives an explanation on how top quark can participate 
in the electroweak symmetry breaking mechanism and obtain a dynamically-generated mass 
term. The UV completion of the top condensation idea suggests the existence of new 
topcolor gauge interactions. The complete topcolor sector requires new Higgs fields in (3,3) 
representation to break the topcolor gauge symmetry down to SU(3)c. Besides, top seesaw 
sector requires new vector-like particles. We want to obtain all the required ingredients 
from SUSY strong dynamics. The most simple setting is the vector-like supersymmetric 
QCD. 

Let us consider SU(Nc) SUSY QCD which has the massive vector-like quarks Q; 
and Q' with i = 1, 2, ..., Np, and several SU(Nc) singlet massive messenger fields fy and 
fx (k = 1,..., nr) for gauge mediation. The global flavor symmetry is SU (Np) x SU(Np)ax 
U(1)v x U(1)g. We adopt the following superpotential 
i; QiQ! f^ fr 

M, 


W =mi QQ + & + Mof* fr- (2.1) 


where the following mass terms 


mi = moô; : (2.2) 


break the flavor symmetry down to SU(Nr)y x U(1)y and M, some new mass scale below 
which non-renormalizable operators of the form in the formula is generated. This superpo- 
tential is of the simplified gauge mediation type proposed in Ref. [9]. 

According to the Seiberg duality [5], this theory is dual to an SU(Nr — Nc) gauge 
theory. We can identify the dual magnetic gauge group as the new topcolor-like SU (3). 
Besides, we require that the dual magnetic gauge group be IR-free which sets Nc + 1 < 
Np < 3/2Nc. Thus, the only possible choice is Nc > 6. We chose Nc = 7 and Np = 10 


in our scenario. 


We also embed the gauge symmetry SU(3)2 x SU (2) x U(1)y into the SU(6) subgroup 
of the global symmetry SU(10)y by assigning 


Qe d Q? eias o — (1, " 2/3 - (2.3) 


We also embedding an additional U(1); into U(1)y. The purpose of such additional U (1), 
will be clear later. The fields QT and Q7, etc, are gauge singlets with respect to U (1). 
However, the messenger fields fẹ and f^ carry non-zero U(1), charge. 


The electric theory is dual to a magnetic SU(3), gauge theory with superpotential 


W = hTr(qMq) + hAmoTr(M) + z Tr(«M) fF fi, + Moof" fk, (2.4) 


* 
and the scale is defined as 


3Ne— 


Ps 2N,—3N, 
(Du Ne \be+bm = Ne fe S 


Ne A? : (2.5) 
where be and bm are respectively the SUSY QCD beta functions of the electric and magnetic 
theories with the respectively dynamical transmutation scales A, and Am. 

In general, the SUSY breaking requires the presence of R-symmetry [10]. However, an 
exact R-symmetry forbids gaugino masses which is not acceptable. One possible solution 
is to explicitly break the R-symmetry by introducing small R-symmetry violation terms 
which lead to meta-stable vacua. In our scenario, we can see that the first three terms have 
a U(1)g symmetry with R(M) = 2 and R(q) = R(q) = R(f) = R(f) = 0. Such an exact 


U(1)g symmetry is obviously broken to an approximate one by the last term. 


The magnetic theory requires the existence of meson-like composites to satisfy the 
anomaly matching conditions. Components of the meson fields M from QT, QP, Q5 and 
QT, QP, Qs composition can be decomposed in terms of SU(3)2 x SU(2);, x U(1)y as 


QT Q" ~ (8,1)o @ (1, Lo, 
Q'QP o QPQ' ~ (3,2),5 6 (3, 2)-1/3, 
QTQ? e Q°Q™ ~ (3,1)..3/5 € (3, 1)2/3, 
QPQ? e Q9?QP ~ (1,2)-1 6 (,2)1, 
QPQP e Q?Q? ~ (1,3)o 6 (1,1)o € (1, Lo. (2.6) 


Similarly, the (3,6)/(3,6) components of the dual quarks (3, 10)/(3, 10) are transformed in 
terms of SU(3)1 x SU(3) x SU(2)r x U(1)y as 


q(3,6) dd (3, 3, 1)o ( (3, 1, 2)1/3 B (3, 1, 1)_2/3 , 
6) E (3,3, 1)o e (3, 1,2) 1/3 B (3, 1, 1)3/3 : 


'Thus, in our theory we can identify 


t e 1 = 
i, = (i) di (3,1,2)1/5; Xf = ea ed (31,2). .1/3; AL = M ex (1,3, 2)1/3 ’ 


L WL 


c 

= E = (1,3,2) 1/3; b (1,3, 1)2/3 ; op ~ (1,3, 1)_9/3 ; Op ~ (3, LU. s 
Cp 

"m Bi (3; 1,1)a/3, 8T, iind (1,3, 1)2/3; Hi id (i Tu Hə S (L, 1,2; 


Pı ~ (3,9. 1)o, D5 N (3:3; 1)o, S^ ~ (1, 1, 1)9 (a = 1,2) $ (2.7) 


From the dynamical superpotential by Seiberg duality, we can identify the following 


interactions 


T » i T c t T " 
+ hof ðr + ha, Boa, +h D: Ayo, +h a Ha8p + hÕLÕF Sa. (2.8) 
L Ur 


We also introduce the right-handed top quark chiral supermultiplets in terms of gauge 
group SU(3) x SU(2)r x U(1)y x U(1); quantum number 


t7(1,3,1) 4/1), Pr = (e1,01) ~ (1,3, 2)a/3,1), (2.9) 
and possible Higgs sector to completely break U(1); at low energy. The necessity of chiral 
fermions is obvious. SUSY QCD is vector-like and the resulting dual gauge theory is still 
vector-like. In order to get the chiral fermions, we must introduce by hand at least one 
chiral component. This fact also appears in the (latticed) extra dimensional interpretation 
of top seesaw [11]. Localized heavy kink mass terms are necessary to get the localized chiral 
fermions. 

Supersymmetry is broken by rank conditions [8]. Neglecting temporarily the contribu- 


tions of the messenger fields, we can see from the rank conditions 
um Ad'q; + A6 mo , (2.10) 


that supersymmetry is indeed broken. This is a typical in ISS-like models. The scalar 
potential is minimized along a classical pseudo-moduli space of vacua which is given by [8] 


_ {9 0 . [o . [4o 
"etel 9m 


qodo = MoA , (2.12) 


with 


and arbitrary $o. In our scenario, the gg and ĝo parts corresponding to the VEVs of 6, and 
®» fields within the dual quark decomposition. 


Flat pseudo-moduli will in general be lifted by quantum effects. The one-loop stable 
minimum by Coleman-Weinberg potential [8] is 


$9 — Og. > do = Milyxw ,do = Moinxn , Mı = M2 = V —moA . (2.13) 


The U(1)g violation terms involving the messengers will shift the minimum of M through 
one-loop Coleman-Weinberg potential by an amount 


A3imgA* 


n C E E 


(2.14) 


The lifetime of the metastable vacua requires 


mo 
~ | — 1 2.15 
ld~ Rel. (2.15) 


with the tunneling probability e? to exceed the lifetime of our universe e? seconds 
| A(3Nc- Nf) 
Swe "re >40. (2.16) 


There are large viable parameter spaces that can satisfy this requirement. 


Possible new SUSY breaking minimum can arise through the combination of m;; and 
Ris mM. 
M. K 
the lifetime (for tunneling to the new possible minimum) of the previous metastable vacuum 


f^ fy. For example, a possible new minimum may be possible if f^ fj, = . However, 


can be long enough if we set 


2 
— > mA’. (2.17) 


The F-term of the meson fields induce the scalar mass terms for Tr, X7, 6r, and wf 
from the induced superpotential qM q. Other soft SUSY masses can be generated through 
the effective messenger fields 


KA 


Mmess = Mo + ar < M >~ Mo, (2.18) 
with 
Foi amo A2 
Mj küm 

Fmess = "plc. = E m : (2.19) 

Thus, we obtain the gaugino masses [12] 

Qa Fm 

Ma ~ Ir ag (2.20) 


and sfermion masses 


ml, ~ 2 5 (LV e. t)n. (2) . (2.21) 


Below the scale VF which is the typical scalar masses for dual squarks, the SUSY QCD 
reduce to non-supersymmetric dynamics. The gaugino and remaining sfermions can acquire 
masses from gauge loops. The matter contents participate in (part of) the following types 
of interactions SU(3); x SU(3)2 x SU(2)r x U(1)y x U(1)1. Besides, the soft masses of 
remaining superpartner are controlled by the messenger mass parameter M as well as Fm. 
We will see shortly that the additional U (1); coupling as well as one SU(3) is nearly strong- 
coupled, thus dominate the gauge mediation contributions to the soft sfermion masses. 
Requiring the scale M and \/Fyy is comparable to each other and taking into account 
the messenger species multiplication factor n;(I), we can easily tune the soft squark and 
gaugino masses to lie near VF. Thus, after integrating out the relevant supersymmetry 
partners, we get at the low energy an SU(3); x SU(3)2 x SU(2)r x U(1)y x U(1)1 gauge 
theory with proper matter contents and interactions. The gauge group of the SU(3), is 
emergent and almost all the matter contents are composite particles. 


3 Top and Bottom Seesaw 


It is well known from the topcolor dynamics that the predicted top quark mass is too high if 
topcolor is responsible for full electroweak symmetry breaking. In order to get realistic top 
quark mass, top seesaw model was proposed by introducing additional vector-like particles 
besides the topcolor matter content. In our model, partial composite top and bottom quarks 
will naturally lead to top and bottom seesaw mechanism. 

After ®; and ® respectively acquire VEVs Mı and Mz, the SU(3); x SU(3)2 gauge 
symmetry is broken down to SU(3)c. The theory has a set of massless gluons and massive 
octet colorons. The remaining QCD coupling is 


1 1 1 hy 
= = 5 +5, cot? = — , 3.1 
Ge hi hj he im 
where hı and hg are the gauge couplings for SU(3); and SU(3)2, and the massive colorons 
acquire masses M2 = (h? + h3)(M? + M2). 

After we integrate out the coloron fields and the sfermions for the third generation 


quarks, we obtain the effective four-fermion interactions 


L = dun — (M2 X{ CXS + Mı TF OPE + s1TECXẸ) + Lint (3.2) 
with 
h2 M^ MSS 
Lint = o (xixi) ( gorap) + (Xr > Pr, tg > PF)+---. (8.3) 
Mp 2 2 
After performing the Fierz rearrangement and at the leading order in 1/N., we have 
h? - - - - = = 
Lint = P | Gta) EX) t (XL PR)(PRXL) + (PLPR)UPRPL) ++] (3.4) 
B 


We can transform the interaction eigenstates to the partial mass eigenstates by 


ti >t =t, X, XY = Xf cosb + PEsinB, Pg — PF — -Xf sin + Pf cos , 
(3.5) 


where 


251M, 
tan(28) = ——————— . 3.6 
a) = ap (3.6) 
We define the unitary mixing matrix T; = Ny T; with 
=T, 12 Xj, T3= Pj, TuS Tj, T8 Xj, T= Pr. (3.7) 
In this basis, the NJL model takes the form 
n2 a d DLE 
L = Lrinetic — (Mı X1 Xr + MaP, PR) + p i (>: vZ) tr E (> oF) 
B i=l i=l 
3 3 " 2 3 3 7 
+ Ni ; | (-Xsin 8 + Pg cos 8) | | (—X sin 8 + Pg cos 8) A 5 AW 
i=1 j=2 i=1 j=2 


with Mı and M^» the eigenvalues of the matrix 


2 2 
M. M. 
puts qu 2 (3.9) 
sıMı Mi 
Assume the gauge couplings for SU(3)2 and U(1) get strong quickly towards IR, and 
trigger the fermion condensation. The vacuum is tilted by the U(1); interactions so that 
condensation between pr, and 15 is disallowed by the repulsive forces of U(1);. From the 


expansion, we can see that possible types of dynamical condensations for X;tp are 
<trip>, «Xu», «pua», (3.10) 
with corresponding mass gap 


— Ut tg — IxiXLUR — MptP te - (3.11) 


And they have the following relations 


Het = Noi, Htx = UNo22, Hto = UN; , (3.12) 


so that they are not independent. Just as the case for ordinary topcolor, the dynamical 
mass terms u can be calculated through the gap equations. The relevant diagrams are 
shown in Fig(1). Detailed expressions for X% t'g condensation can be seen in appendix A. 
From the gap equation, we can get the analytical expressions for the condensation scale ju 
and the effective critical coupling. This approach with mass insertion is an approximation 
at large Ne expansion. We will deduce more precise forms of the condensation in symmetry 
broken phase. 


Similarly, we can get the other condensations 


< TLPR TX XLPR >, < PPR T (3.13) 


to give < Xr Pg > and < Pr Pg >. After all condensation occurs, we get the most general 
possible mass matrix for top sector 
0 sa Mi t. 
(t£ XL PL) | u Ma m XE |> (3.14) 
0 0 pe pr, 
'The mass eigenvalues and eigenstates can be obtained by the following unitary transforma- 
tions 


M =U! Mais Un. (3.15) 


'The analytical expressions are very complicate. Careful analysis indicates that the three 
mass eigenvalues are of order 


2,2,2 
(nba ~ ME, (Mob m» MB, (mnr = Fay 61 
in case My = My = Sa >> u. We will not give the explicit expression of the mass eigenstates 
for the top quark sector. We just parameterize them as 
(CP xpo) =U (tr, xL,eL)” s CR XR PR). =U UX ,  —— (347) 
with the lowest mass eigenstates t7 LR corresponding to the physical top quark. One Higgs 
doublet field in the multiple-Higgs-doublets are the condensations 


Hı ~ (Xztr,@ztr) = ((ho + T?  vi,)/ V2 TE ) , (3.18) 
and additional two singlets (and triplets) are from the condensations 
Hy ~ Xr & Pg = Ao(3) 6 S2(1) , H3 ~ Pr, & Pr = A3(3) 6 S3(1).. (3.19) 


We obtain the precise gap equation of this theory in the broken phase [13] at the cut-off 
scale M 


0 sa Mi tr 


"TE hoM _ thoM _ 5, o 
La = —(tr , Xr, M: — t(hg 4- v tr 
A (t, XL PL) | p Ma m XR VM" (ho + Uno) — a.d i 
0 0 pe PR 
hoM _ _ hoM = 
Fy PRT — Jay AL PR(Sa + Aa + vs.) — ^ PoP ala + As us; 
3 
1 
=r (à 3 2) — M? c + E) 
i=2 i 
D —MtT tg — AXL XR — APL PR 


3 
1 
E (à +y (S? + aa^ — M? c + Ys) 


= 
h3M —1 zm —] =m —] am —1 ym —1 m —] am h 

-Z2M; (Uate + Uii XL + UPL) (UrntR + UpioxR + UngisDR) ho 
ha M ei n TN - E i 

-VMg (Upaith + Up xt + Urt) (UratR +UrXR + UgssPR) Se 
ho M 


~O (Uzate + Upgoxt + UpesPh) (Unsite + Ungox'n +UpPR) 93- (3.20) 


After we integrate out the heavy fields y™, p"*, we obtain the low energy effective theory 


- hoM im hoM 
Ly = -MERER + SU tp Ug tho + ———Uj 4 te Ug tz S 
H 1l"L'R V2Mg L21"L * RVR" J/2Mp L21"L* gp31"R?? 
tau; Unt UnntR T$ - 5f (Oy ho? *33 Za (0,5;) + fas la, A? 
1 
-3 (id + oat) Y ud Int - I osi 
—Ma35553 — Mos Aa As — V (ho, Si, Ai) — AThoho — X ATs, Si, (3.21) 


'The tadpole cancelation condition is 
ZH? AT hy = Z7 Ung M? + 8T, = 0, (3.22) 


with óT the one-loop tadpole contributions. Through the tadpole cancelation condition we 
can obtain the exact gap equation 


h2M?N. is A, (M+ 
H= B72 MZ © 2R( (Urs; Us (^- M In (=F) ; (3.23) 


with the fact that u = Z, 1y ho M Uhaf V2Mp. Such form is consistent with the previous 
large Nc expansion approach with mass insertion. 

From the wave function renormalization of the composite Higgs fields, we can get the 
precise form of the Pagels-Stokar formula 


2 2 2 2 

2 M'N: " 1 Mi +A 

Uho = 872M2 b ; a Ugiil “tos ( X2 ] 
i=1 ? 


3 3 2 2 
Desa ax excisa M* +A’ 
ti, D (Usa Usi;| E O ) log (AS) | ; (3.24) 
i—lj-l;icj j 
with other possible Higgs VEVs from bottom sector v; (à 35 0) 
X un, = vbw - (3.25) 
i 


The VEV of S3 breaks the U(1), gauge symmetry completely due to its non-vanishing 
U(1); quantum number. The expression of $3 will be given in subsequent Section. Due to 
the mixing in the Higgs sector, the physical Higgs fields can be obtained by diagonalizing 
the relevant mass matrix. We will discuss the complete Higgs sector after we include the 
bottom-type quarks. 

Similar setting can be seen for the bottom quark. We rewrite the relevant terms for 
bottom quarks 


b, ~ (1,3,1) 2/30) > Gr ~ (1,3, 1)(0, 2/3) > EL ~ (3, 1, 1) 1/3, 3/3); 
Gi (3:1,1)8/31/3) > EE ~ (13,1) 02/3) , H1 ~ (1,2) 1); 
Hə ~ (1,1,2)5,9) , (3.26) 


— 10- 


and the induced interactions 


t Cc 
W 2 hó ið, + hó 9360; +h (i Hoe +h & 
Z, UJ 


Hod, + hor6f So . (3.27) 
L 


We can see from the identification that the most general bottom quark mass matrix is 


0 $1 M, 0 0 T. 
A M2 m O0 p WF 
(bL, WL, OL, ÕL,ÕL)| 0 O po 0 m oi |- (3.28) 
Hs O pe Mi pr + Sa "m 
00 00 M ae 


Similarly, we can diagonalize the mass matrix and obtain the relevant eigenvalues. We note 
that the determinant of the mass matrix is 


det My = sı ğu Mı Mə ; (3.29) 


which is important to determine the lightest bottom-type quark masses. For Mo = Mi = 
51 © ui, we have the eigenvalues of various mass eigenstate in order 


A2 c D 2 32 — 2 2. X m2 2 
Az = m ~ Mi, A3 = Mogn ~ 2Mz, 4 = Mn ~ 2/2; 


M Ig M2/2. 2 22 siii us 3.30 
5 = Man ~ M32, 1 = Mom Y MZM ` (3.30) 
1442 


Here the expression for the lightest bottom-type quark mass is not precise. This formula 
is used to determine the order of the physical bottom mass. We can also parameterize the 
mixings in the bottom sector as 


sa D soo 
(by, wp, UA wr, ÕL) = Zij(br; WL, OL, ÕL, GL), 


(Ug, we, of, OF, ER) = Zu (br, wr, oR, OR, GR) - (3.31) 


We can introduce auxiliary fields in symmetry breaking phase to obtain the precise gap 


equations 
am hoM = ~ 
LÌ = = —AUTU — XTP wR — Aqui on nl ATOR Aag? OR — M XrbgH, 
B 
hoM = ha M = hoM =- " 
= Mg LPR(Aa + S24 s) — Toa HEROS + 53 + Us.) — Mp wpbRS4 
hoM - ~ hoM =- `z hM -= `. z ha =. z 
— PrH — ——X Ha — P, H4 — 
5 ULPRHa — an Porites JAM; OLORÓOS 


|h3M 


16 n5 — M? (Xii Ys e). (3.32) 


i=1 i=2 


—11- 


Again we can integrate out the heavy modes and obtain the low energy effective interactions 


hoM E h2 M 
JV AMg — Zin Zn DE UR (ha + va) — JAM; [ 


ha M = = mpm pm m 

+ 2731273157 UR (Aso + S3 + vs,)] — WAYA { Zia Zn [U^ 07 (S, + vsa) + "99" HS, | 
+ Zig ZR [D D" (ha + Ung) + ib" bhp | + Zin ZR [D b" (ha + Uns) + ib" 9 Tp] 
+ Zig Zpa, [V^ (ha + ung) + if" pap] + 71812 [D b" (S5 + vs, j tne] 


L, = — À boR — Zin ZRA DEOR (Ago + S2 + VS») 


=F ZA [ob (Sg + use) + Oy 5p" ] E d (On hi) Ys (ð, 8;)? 


1 
= DEA AT + 22, 750,8)" - 5i (Oh ho)? EP ð, Si) "E Za [E 


m ib Mg h2 ud s) HM, [Ag e 3^ Y^ MS Sih — 3^ Y  u$55,5, 


i=2 j=1 i=2 j=2 


= 3 3 Mp hih; — M23A2A3 — V (hi, Si, Ai) -X ATh,h -X ATs, Si, (3.33) 


i21 j=1 
where we use the parameterization 


+ 
T. ) — ~ Toi G. j — ^ ES : zO 
Ro S334 (uu Deus): SER 458) ~ iA ens) Gan 


'The tadpole cancelation conditions 


Zyl AT = Z gi M? + Ts, = 0, (3.35) 
Zi" ATs, = Z5!" vg M? + 6s, — 0, (3.36) 


determine the exact gap equations 
Lu, = Gù Um = Gi, uus = Gs un, = G35, sy = Gi Mss = G45, Ms, = G55 (3.37) 
while us, and us, are 
s: = Gh + Gog Uss = Gh + G33 - (3.38) 
Here we use the notation 


HH, Z jh HS = H1, HS3 = H2, HH3ÆH3, HH, = H4, HS4 = H6; HH = H6, HS; = HT, 


and define 
h2M?N, » M? 4- M 
B. —]1x* 1 i 
Gab = 872 M2 [an 2R(Z Zr ii Zgi;) (s- M? In | X2 ) ? (3.39) 
h2M?N, A3 M? + 2 
Tq —]1* D 1 
Ga = uL p P» r UL) (^ ae (AF )) ; (3.40) 
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From the wave function normalization, we can get the Pagels-Stokar formula in the bottom 


sector 
và = Wu PA. vi = HP UR = uir, PE Qu eum BS. (3.41) 


4 
with the relation >> v; = vw as well as the Pagels-Stokar formula for 5; 
i=0 


vg, = us, (PR + Ph), vs = Hs (P33 + P33), 


US, = u$, PH, vi. = 12, PB, US, = pe, PR, (3.42) 


with US, the U(1)2 breaking scale and the fact ws, = Z3’ h>Mvs,/V2Mp. Here, we 
define 


M?N, | č M? +}? 
B — c 1x 1 
Ee 852M2 | Sale Zou lo v 2 


i=1 i 
5 5 2,532 
rm M* 4- A5 
erent pans ee (>) J 
i—1 ij=1;i<j j 
M? + 2 
qs lx 1 
Po = Sa UE Ul log ^ 
j 
3 2 M? + A2 
+> qota + UAU ) log = | i (3.43) 
j=l k=1;j<k j 


'The physical Higgs fields can be obtained by diagonalizing the 10 x 10 mixing mass matrix 
between h;(i = 0,--- ,4) and S;(j = 2,--- ,6). Each entry can be calculated by the one- 
loop diagrams in the large Ne fermion bubble approximation. Detailed expressions can be 
found in appendix B. 


One combination of n) ^ and aD will act as ^would be" Goldstone bosons which will 


be eaten by W* and Z. The remaining Tivi will combine into multiple charged Higgs 
fields H;- while the other combinations of a, and 7? will be the CP-odd Higgs fields A9. 


The mixings between triplet Higgs fields will give two mass eigenstates A» and As. There 


is enough parameter space to tune the lightest Higgs field to be at 125 GeV. We note that 
the non-minimal nature is crucial for Higgs mixing and the appearance of light Higgs field. 

Quarks of the first two generations transform as SU(3)2 fundamental representations 
and also carry U(1); charges. As SU(3)2 will become strongly coupled, additional U (1); 
interactions can prevent the condensation between the first two generations. This is similar 
to that of the flavor-universal topcolor model [14]. 

The most important electroweak precision constraints on top seesaw comes from the 
electroweak oblique parameters S and T [15]. Minimal Top seesaw model can non-trivially 
satisfy the S — T' bounds. We know that the oblique parameter S can be thought of 
as the measure of the total size of the new sector while 7' is the measure of the weak- 
isospin breaking induced by it. Just as ordinary extended Top Seesaw model with bottom 
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seesaw, the contributions to the oblique parameters are rather complicate. Detailed analytic 
expressions for new contributions to S, T' parameters can be seen in appendix C. Although 
the precise values need the detailed numerical studies, we note that the contributions to 
the S parameter should be very similar to that of the minimal top seesaw model because 
most new particle contents are vector-like. 

The contributions from the multiple Higgs doublets needs the Higgs spectrum as well as 
the knowledge of the mixings among different Higgs doublets. In general, they should drive 
the T' parameter negative which however being compensated by isospin violating quark 
sector contributions. We will left the detailed numerical results to subsequence studies. We 
just anticipate that there are enough parameter space to make our model compatible with 
S — T bounds. 

There are additional constraints from Z — br, — br, coupling. The mixing within the 
bottom seesaw sector change the vertex by 


5 
a EM 42 
ôg; = 2 sin Ó cos 0 (Y: Il ) ' (3.44) 


We can see that P(Z — bb) will decrease with respect to the SM predictions. The updated 
data on R», will constrain the mixings within the bottom sector. 

We can properly choose the parameter Mı = M» = 20 TeV so that the physical top 
quark mass is given by 


2.2.2 
X x P271 y (170GeV)? . (3.45) 


The gap equation depends implicitly on u and pg on the r.h.s and we checked that the 
following parameters 


sı ^ 18 TeV, u2 ~ 5.02 TeV, u ~ 0.76 TeV (3.46) 
can satisfy approximately the gap equation 


—]1*rr—1 
ABE ie Ura3 Unsa 


u2 UpsUma uin 
The mixing matrices can be obtained by diagonalizing the mass matrices 
Un —0.2475 0.4940 —0.8335 ir 
xf | = 0.2225 —0.8083 —0.5451 xL |, (3.48) 
pr 0.9430 0.3204 —0.0902 PL 
US 0.9988 | —0.0475 —0.0132 in 
xp | = | —0.03766 —0.5623 —0.8261 xn |, (3.49) 
PR 0.03180 0.8256 —0.5634 PR 
with the eigenvalues 
A1 œ 0.172 TeV, Ao œ 13 TeV ,A3 œ 31.36 TeV . (3.50) 
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The unitary nature of the mixing matrix indicates that the inverse mixing matrix is the 


form 
—0.2475 0.2225 0.9430 0.9988 —0.03766 0.03180 
U;'=| 0.4940 —0.8083 0.3204 |,Ug!-— | —0.0475 —0.5623 0.8256 | (3.51) 
—0.8335 —0.5451 —0.0902 —0.0132 —0.8261 —0.5634 


From the Pagels-Stokar formula and setting v? ~ (200GeV)? and Ne = 3, we obtain the 


cut-off scale 
M ~ 40 TeV. (3.52) 


The coloron mass scale is Mp ~ V/2M, z 30 TeV if we assume ho ~ O(1). The bottom 
quark sector can be similarly obtained. The lightest bottom-type quark mass is given 
approximately by 

Al N a = 4.2 GeV , (3.53) 
which is related to the top quark sector through the relation /ji= tan B4 e 40. 

As indicated in section 2, most superpartners obtain their masses via gauge mediation. 
For proper chosen M with VFm/M ~ O(1), the dominant gauge mediated contributions to 
sfermion masses come from the nearly strong U(1); and SU(3)2 gauge interactions. Then 
from the gauge mediated supersymmetry breaking formula, we can easily set the soft mass 
parameters to lie near VF ~ 20 TeV. Thus, below VF after we integrate out the sfermion 
fields, the low energy effective theory reduce to NJL type top seesaw interactions. 

While the superpartners are lighter than the coloron, their contribution to the four- 
fermion interactions are subdominant because of the R-parity. Possible four-fermion interac- 
tions contributed from superpartners in the low energy can be only generated by sparticle 
loops which thus amount to the suppression scale of the operators to be 4r x 20TeV ~ 
200TeV. 

In general, the scalar type bound state of the NJL-type condensation has a mass of 
order 2u with u the corresponding dynamical mass in the gap equation. In our scenario, 
the lightest scalar states are mixing between various condensation bound states with the 
lightest bound state as light as 2/1 ~ O(10 GeV), and then can be as light as O(100 GeV). 

We should note that quite a bit fine tuning is necessary in our scenario. By introducing 
the auxiliary fields, dynamical Higgs field will reappear after renormalization group equation 
running down to a lower scale. Thus fine tuning problem that is plaguing the ordinary Higgs 
models will also show up here as long as the cut off scale is not too low. In our scenario, 
the cut off scale of the NJL type interaction is 40 TeV, thus leads to fine tuning of order 


( = ) ~ 600 (3.54) 


4n mp, 


As there are much parameter space remaining in our scenario, it may be possible to ame- 
liorate such fine tuning by other choices of parameters. We leave the detailed numerical 
discussions in our subsequent papers. 
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We would like to give a brief comment on the status of this model in the LHC era. In 
the previous choice of the parameter, new fermions will acquire masses of order M? and 
M2 |~ O(10TeV)] thus cannot be discovered by LHC. In the low energy, our theory will 
look like a two Higgs-doublet model with the mixings between top-Higgs and bottom-higgs 
to give the 125 GeV scalar that was discovered by LHC. The light scalar in our scenario is 
standard model-like with its couplings to W, Z gauge bosons and photons resembling that 
of the standard model Higgs field. While the detailed mass paramters of the additional 
Higgs fields depending on the concrete values of the mixing and Renormalization Group 
Equation running, a coarse estimation on the tree-level mass of the CP-odd Higgs field is 


that M 4o ~ 350GeV; the charged Higgs H^ have masses Mg ~ 4/ M2 + mi ~ 359GeV; 
the heavy CP-even higgs H? acquires a mass mgro ~ Mo. Our predictions on the Higgs 


masses are not very sensitive to the UV physics, so it is testable on the LHC. Inspired by 
this work, a phenomenological low energy top-bottom seesaw model which can explain the 
LHC discoveries is being studied in our new paper. 


4 Conclusions 


The recent discovery of a 125 GeV Higgs-like particle at the LHC pushes us to ask the 
interesting question whether such scalar is composite or fundamental. On the other hand, 
top quark, which is much heavier than all the other SM fermions, indicates that it couples 
more strongly to electroweak symmetry breaking sector. Thus, it is possible that the top 
sector plays a key role in electroweak symmetry breaking mechanism and related intimately 
to the intrinsic nature of the Higgs field. Ordinary top seesaw model predicts too heavy 
Higgs mass and requires new matter contents and interactions that are put in by hand. We 
propose a typical non-minimal extended top seesaw model (with also bottom seesaw) and 
accommodate a light composite Higgs field. The non-minimal nature is crucial for Higgs 
mixing and the appearance of light Higgs field. Besides, supersymmetric strong dynamics 
can lead to almost composite top and bottom quark as well as new emergent topcolor gauge 
interactions. At the same time, supersymmetry breaking condition also leads to topcolor 
breaking as well. The low energy QCD coupling is partially emergent. This theory also 
acts as an AdS/CFT dual to a Randall-Sundrum [16] type model which will be given in 


subsequent studies. 
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BRR 


Figure 1. The gap equations for quark condensations in the top sector. The red, blue and green 
crosses denote the tx’, t't and tp’ condensations, respectively. While black crosses denote all the 
previous three condensations. 


5 Appendix A: Gap Equation 


There are several ways to obtain the mass gap of the dynamical condensations. The con- 
densations can be calculated from the gap equations which are large-N, Dyson-Schwinger 
equations expanded up to O(m3,) for the NJL Lagrangian. The relevant diagrams are 
shown in fig(1). Tedious calculations give the expression for X^ t^, condensation 


= RPN. —2 — Mı + M? 
Na © dm 412 MÀ Z E = (ari + Nou J In iu 
1 


M*-MiY, Nh&u?M?, (OM) MDMI 
2 2 24.2 1 L2 A D 2 
— (No, + N25 + N33) log | IP T M2— zs e (e) 


Í 
zu ;2 
L2 M? +M —?2 - M?+M 
jr Na3 Nau M? - M3 log — = (m, + NauM;) log — 
M5 M» 


— (N2, + N2, 4 N2) u2] NE: 

(Nai + Naa + Nis) Tog | ym Cn? — Mj) ^ \ P+ MMB 
N2, — M?.MPN M2 2 

+ Na Nåh M? — —2 uM; log ———|- = uM» log 
Noi Mi ni 


M? +M, Ne M2 
2 2 2 2 2 2 2072 1 2 
= (N35, + Noo + N33) u log (oe) + Noob M3 Lites Jn 


—2 
M*. My, NaM [rn M 
) 
=—2 


(5.1) 
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From this expression, we can easily deduce the analytic expression for the form of effective 
critical coupling. Similarly, we can get the other condensations 


< LPR >, < XLPR >, < PR en (5.2) 
to give < Xr Pg > and < PPR >. 
6 Appendix B: Mixing In the Higgs Sector 


The CP-even Higgs fields in our scenario are obtained by diagonalize the 10 x 10 mass 
matrix. In the fermion bubble approximation, the diagonal entry can be calculated to be 


T B B B B 
E E M3 3 = M» x = Mii 3 = Mas NE M35 
mm 3 T , Uu 3 LI , T , 
a ^ 1 Zhi 2 Zro EU EP 
T B 2 2 
2 _ Mz; + Mə - M 2 Mz + M — M 
M S3 m EA $ Tg, = Zs ? 
2 3 
B B B 
mu S Mñ a Mis inb. Mss (6.1) 
S4 — Zg, ’ S5 — Zg, Se Zg, ] 
4 5 6 


where the wave function renormalizations are 


h2 h2 h2 h? h2 
Zhg = z Pv Zh, = z Pn Zho = > Pi Z s = > Pa: Zing = > P>» 
np h B T 
Zg,— 5 (Pa + P3), Zs; = > (P33 + P33)» 
K hà h2 
Zs, = PU , Zs; = 3 P5 , 256 = Puis , (6.2) 


and the definitions for MI and M A are 


h2M?N, RMN. T 2 ; m 
EE 2 2 c desc " 
Ma = fa- ST 872 MZ -)M + Bn? Mz D» (R(UrL Ug) Aj ln (=) 


i—l i 
3 
. liis M? M 
T A. 2:R(U par Uni; Ura Vin) Ge — aH ~ In T MI Sv 
ij=l;i>j d J 1 
y 
^ , 1 M? M? 
4 > a Dal aera | ve xg ge - Xn] l} 
i,j—l;ii»3j t 


— 


812 M2 812 M2 


ud e fa 


" D 
um 25 (LS Zu (Zra) Znal ya 


3 
MUS » h2M?N, f 
1 


1x Ta 
+ > Jpn a + [zz "Zu 
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'The mixings between the Higgs fields can be calculated accordingly. For simplicity, we 


can define 
h2M?N, h2M?N, |e " M? 
BB _ M C 142 2 c —1*g-1 —1* 7—1 \ 32 
Faba = — 872? MZ 87? M3 2 AR (Zrai Zm) R (Zei Znii) Aj In X 
5 
1x 1 1x 1 1 1x 1 IE 
+ b» (Zia Zroj) Zrej 4 nai) + (ZrajZ nbi KE rci na; )) 
i, j=1;i>j 
Y 312 M? 32 M? S lx 7—1 1 lx 
Te a In 32 Aj In a! " p» [ze Zn roin ) 
i J L J i, j=1;>j 
l +4, M M? 
NT l1 4 4 
i po Zra) T - Anl. | (6.4) 
h2M?N, h2M?N, | M? 
TT 49 € 442 2 c —1*rr—1 Seedy vy 
Faba = — 872M2 M‘ + 872M2 D (Ur; U Ri) R (Ur; Unj;) Aj In (=) 
3 
1x 1 1x 1 1 1x 1 1x 
T > (rai Urg) (rej Urai) (Ur; Ugo; KUrcUna; )) 
ij—lij 
Aij 2, M? 2, M? - 1 1 1 
“0? — X) Peg al Do. Saas [Ura Ursy) 
603 i ij=li>j i ^3 
EMEN " à M? M? 
x (OL rg ) + (Ur Uns; YUr Una) [Ai Inm — Mn sz! | ; (6.5) 
i j 
where the mixing terms between h; and hj are 
mg = Piss mp ES NAT = Ea 
V Zhi Zho V Zhi ha ZhiZh4 
ME? — Figs hh _ Fs hh _ FAS hh _ (6.6) 
23 LIC A 24 E 7 AVE34 Fs Zig 0i i 
the mixing terms within 5$; are 
MSS = Fs F383 MSS = F334 Fa PF53.45 
V A83 A 84 \/ 255284 Z 33 Z9; 
SS FEES SS FS SS F33 45 
Mz = : M = SS y My = 
\/ Z S2 ZS V 253284 V/ 253255 
BB BB BB 
MSS = F33 55 MSS = Fgy 45 mgs = Fis (6.7) 
\/ A83 Z536 \/ A S4 Z5; V A44 96 


the h; and 5; mixing terms are 


Fi 23 FL. FR 23 
Mog = SS Mog = SS MOP = Mos = Moo = 0 , Mi” = —— =, 
V/ Zhg £8» v Zhg Z 83 V Zhi Zs 
MES — FAB MAP = FA MAS = Fs MES = FRR. 
V Zhi A8; V Zn, Z8, V Zh, Z5; \/ Zh Z3g 
FBB FBB FBB FBB 
MLS — 43,23 , MÈS = 43,33 , Mb$ _ 43,41 , MES E 43,45 
V Zhao Z8» V Zha A 83 \/ Zh Z3, V Zh Z Ss 
FBB FSB FSB FBB 
MÀS = 43,55 , Mi? = 25,23 , MÈS — 25,93 , MÈS — 25,41 ; 
\/ Zha 43s V/ Zha 4 8j V/ Zha 83 V Zha 484 
FBB FBB FBB FBB 
Mis = 25,45 ee = 25,55 MIP = 35,23 , MIS = 35,33 
V Zha 8s V Zha Z Ss V Zh4 35 V Zh 4.83 
FSB FSB FSB 
Mis uu 35,41 , MI? = 35,45 Me = 35,55 , (6.8) 
V Zh4 A 4 V Zh4Z Ss V Zh, A Ss 
and the relations are 
TT,BB TT,BB 
MPS = ab,cd [hS _ cd,ab 6.9 
ij Zr, Zs, ji Zs, pa ( ) 


7 Appendix C: Oblique Parameters 


'The most important constraints of out model is the oblique parameters 
to the T' parameter 


Ar 


= sin? 9 cos2 0MZ 0 cos? 6M im |q2=0 = Tss| 2—0] ? 
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. New contributions 


from the quark sector are 


2 


3 5 3 
iis NOI 2.2 XE Ua a K (Aa; Ab) 
3 5 
+ > 9 R (Y: vist a) (>: U Ria 2j L(Aa, Ab) 
@=1 bel 
2 M 
UL VE »" vus M log ME 
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EOM" 
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x y2 
1x 1x 2 
Z pia Zit) + o: Z Ria 23 n. log MZ 


a=1 i=l 
3 3 3 2 
E > > bs Up Urs 23 Un ie Uni K (Aa, Ab) 
a=1 b=1;b4a j— 
3 3 3 
= b» 2R (>. vat) Uni, U Rib r) L(Aa; àb) 
a=1 b=1;b4a i=1 
5 5 3 2 "En 
= a b» 3 zal a Rie Zga| | (Aas Av) 
a—1b—l;azb | |i=1 
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Weij- Ah (7.2) 


5 3 
—1* 
_ 2R ( Z ria ai) È- Ria zat 
a=1 b=1;a4b i=1 


here we define 


1 fa, UN CUNT 
BOUS Soi- Sint TAE 
B B 
ab a? b2 
L(a, b) = —— la? ln — — b’ In — -a° +07] . 7.3 
a za M3 PM eT (a 


[?) 
5 Uis 


S= 16 
T Dg 


| (14) 
q?—0 


o 
PX pps 
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from the quark sector are 


3 3 3 
sued G Vok Uis -Y URE Unh -Uai Uma (Ott -X vats is 
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1-2 i=l i=4 
3 3 3 3 
ile —l*rr— —1* 
+ > 2 [es Up ia 23 (x: U Rib URia +4 pi, Une) 
a=1 b=1;a4b i= i=2 


2a Ab Q (Aa, Ad) - (7.5) 


3 
Rd b» Unia z3 b» Urr 73 


i—2 


with the definition 


1 
P(a,b) = [eo <Da- bbs; 
" 
ou f n 2 -ds , (7.6) 
0 


which we will not give their tedious analytic expressions. 
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